Treatment of eutrophic lake water was investigated, when alum sludge and/or wood were used as the media for laboratory-scale filtration. Process 1 consisted of Column 1 with wood and Column 2 with alum sludge in series, and Process 2 of Column 3 with alum sludge. The filtration velocity was 0.45 and 0.91 m/d for 49 days each. Both processes removed suspended solids and total phosphorus well with about 98% and 92% removal efficiency, respectively. Total nitrogen removal efficiency was higher in Process 1 (64-72%) than Process 2 (18-19%), because of biological denitrification using organics supplied from wood. The dissolution of organics and aluminium from wood and alum sludge, respectively, was not significant in the effluent. An alkaline extraction method was able to extract two-thirds of phosphorus in the alum sludge. Thus, alum sludge was excellent at removing and recovering phosphorus and the filtration combining wood and alum sludge enabled the concomitant removal of nitrogen and phosphorus.
INTRODUCTION
Serious eutrophication problems have prevailed in closed water bodies all around the world. Although reducing pollutant loads should be taken first among many remedial options, it takes time to fully develop a pollutant management system. Therefore, direct treatment of eutrophic water is often required for the restoration of closed water bodies, which must be superior technically and economically.
So-called alum sludge is water treatment works sludge containing an aluminium coagulant such as polyaluminum chloride (PAC). The total amount of alum sludge produced in the world is enormous, estimated to be 10 thousand dry solids (DS) tons per day in 1997 and to be steadily increasing (Dharmappa et al. ) . In Japan, 280 thousand DS tons are wasted annually, corresponding to 2% of the industrial wastes.
In recent years, successful application of alum sludge to constructed wetlands has been reported by Zhao et al. () at University College Dublin (Babatunde & Zhao ) . Also, among several low-cost and engineered materials, alum sludge performed best in terms of selective phosphorus removal from surface water and minimum undesirable secondary changes in water chemistry (Boyer et al. ) .
For waste wood, there are various sources and generation forms, such as thinnings, forest residues and wastes from lumbering and construction/demolition. In Japan, the amount of generation is huge, 15 million DS tons per year.
Since approximately 40% of waste wood and alum sludge are not recycled in Japan, more active recycling is required for constructing a sustainable society (Ministry of the Environment ). As reviewed by Schipper et al. () , denitrifying bioreactors utilizing carbon substrates from wood can be a low-cost and simple approach for reducing nitrate loads to receiving waters.
In this study, alum sludge and wood were investigated as economical filtration media for the direct treatment of eutrophic lake water, simply because they are wasted in
MATERIALS AND METHODS

Continuous experiment
A continuous experiment was performed with the two laboratory-scale processes as shown in Figure 1 . Process 1 consisted of Column 1 and Column 2 in series, and Process 2 of Column 3. All columns were made of clear acrylic resin, and had a diameter of 7.5 cm, height of 32 cm and effective volume of 0.5 L. Column 1 contained 52.5 g dry weight (DW) of wood as the filtration media, which were disposable wooden chopsticks made from white birch, and cut into several centimetres length. Column 2 and 3 contained about 340 g DW (0.4 L) of alum sludge with 0.60-2.36 mm particle size. The alum sludge was collected from a water treatment plant in Fukui City, Japan (PAC is used as the coagulant in the plant).
The bottom of all columns were covered with 0.1 L of gravel (>4.7 mm).
The lake water was collected twice (on the 1st and 57th day) from a eutrophic lake, Kitagata Lake in Awara City, Japan, and, before use, was transferred to the 40 L influent tank agitated at approximately 60 rpm in shadow. Using a peristaltic pump, the flow rate to the columns was controlled at the filtration velocity of 0.45 m/d in Run 1 and 0.91 m/d in Run 2 (HRT of 6 and 3 hours, respectively). The water quality of influent and effluent was analysed weekly, and the composition of alum sludge before and after the experiment.
Leaching of dissolved organics from wood
Leaching of dissolved organics from the wood was examined in a batch mode. Forty-nine grams DW of wood was introduced to 1.0 L of 0.01 mM phosphate buffer solution in an Erlenmeyer flask, and rotated at 100 rpm at room temperature. The concentration of soluble organics in the solution was measured as total organic carbon (TOC) in appropriate time intervals. The phosphate buffer was used to maintain a neutral pH range of 6.9-7.4.
Phosphate consumption in lake water
This batch experiment was conducted to confirm phosphate consumption by phytoplankton. Without any addition of chemicals such as a coagulant, 10 L of lake water was placed in a plastic container agitated slowly at 20 rpm.
The phosphate concentration in the lake water was monitored for 2 days. An identical experiment was also conducted with an artificial phosphate solution to eliminate the influence of phytoplankton.
Adsorption isotherm of alum sludge
Adsorption equilibrium between the alum sludge and phosphate was investigated by a batch test using Erlenmeyer flasks. Different amounts of alum sludge (96, 144, 152, 193, 216 and 272 mg) and 100 mL of about 1 mg/L phosphate solution were added to the flasks, adjusted to the pH of 7.5 ± 0.1, and rotated at 100 rpm at room temperature. Dilute hydrochloric acid and sodium hydroxide solutions were used for the pH adjustment. After 5 days, the solutions were filtered with 0.45 μm membrane filters, and then subjected to phosphate analysis. The phosphate solution used was prepared from a standard phosphate solution (1,000 mg P/L of KH 2 PO 4 dissolved in water) (Wako-Junyaku, Hiratsuka, Japan).
Phosphorus extraction from alum sludge
After the continuous experiment was terminated, recovery of phosphorus from the alum sludge used was attempted following the alkaline extraction method adapted by Gifu City, Japan, for wastewater sludge incineration ash (Nakagawa ). In a glass beaker, 10 g wet weight of alum sludge was added to 100 mL of 1 mol/L NaOH (L/S ratio of 10), and mixed by a magnetic stirrer at 300 rpm and 70 W C for 1 hour. The solutions were filtered with 0.45 μm membrane filters for subsequent phosphate analysis. This procedure was repeated with the used NaOH solution to explore the possibility of successive use of the alkaline solution.
Analytical procedures
Most of the analyses were performed in accordance with
Wastewater Examination Methods (JSWA ). In the continuous experiment, the soluble solution of the influent and effluent was prepared through filtration (No. 5C, Advantec, Japan). PO 3À 4 -P was measured by the ascorbic acid method, using a spectrophotometer (DR/4000U, Hach, San Bernardino, CA, USA) with appropriate dilution. NO In both processes, T-P in effluent was reduced quite low, 0.01-0.02 mg/L, corresponding to an average removal efficiency of 88-92%. Thus, the alum sludge was shown to have a superior ability to adsorb phosphate at the filtration velocities applied. Interestingly, a significant amount of phosphorus was removed even with the wood media in Column 1, achieving an average T-P removal efficiency of 67-85%. This is primarily attributable to the particulate phosphorus removal by the filter. Obviously, the consumption by denitrifying bacteria can constitute part of the phosphorus removal mechanisms.
Owing to the use of PAC in the water treatment plant, aluminium dissolution from alum sludge media into the effluent could be a concern. As the average aluminium concentration in effluent was less than 0.02 mg/L (average removal efficiency of 97-99%) for both processes, the aluminium dissolution from the alum sludge was negligible.
This result is consistent with Babatunde et al. water with a P concentration of 0.13-0.25 mg/L was treated by a mini-column with alum sludge. T-P and PO 3À 4 -P removal of about 50% or more were achieved at the filtration velocity of 3.7 m/d for 2 days, which might be comparable to the results in this study. 
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Adsorption isotherm of alum sludge
Adsorption equilibrium between the alum sludge and phosphate was obtained applying the Langmuir equation, which gives the saturated adsorption capacity of the adsorbent. The
Langmuir plot is shown in Figure 4 , and the Langmuir constants calculated are shown below (R 2 ¼ 0.96)
where q is the amount of phosphate adsorbed per unit weight of alum sludge (mg/g DW), C is the equilibrium phosphate concentration (mg/L), q max is the maximum amount of phosphate adsorbed per unit weight of alum sludge (mg/g DW) and K is a constant. The solution pH was maintained at 7.4-7.6, and the room temperature at 23-24
This phosphate adsorption capacity, 0.89 mg/g DW, is much lower than synthetic adsorbents, for example, approximately 100 mg/g for ceramic with ion exchange capacity (Shimizu ) and layered double hydroxides (Tsuji et al. ) . However, it is comparable to that of Irish alum sludge, approximately 1-2 mg/g at pH 7-8 (Yang et al.
). Yang et al. () also observed that ligand exchange
is the dominating mechanism for phosphate removal by alum sludge, and that its adsorption capacity is strongly dependent upon the solution pH.
If we assume 0.003 mg/L PO 3À 4 -P in the effluent, the amount of PO 3À 4 -P adsorbed is calculated to be 0.10 mg/g DW. As 340 g DW of alum sludge per column was used in the continuous study, each column is estimated to have a potential of adsorbing 34 mg PO 3À 4 -P. The amount of PO 3À 4 -P actually removed during the whole period was approximately 1.5 mg and 10 mg for Column 2 and 3, respectively. Accordingly, it is inferred that the alum sludge used in the continuous study was under saturation with respect to phosphate. Thus, the installation of alum sludge filtration depends on the situation, as described before.
Phosphate consumption in lake water
The time course of phosphate concentration in the lake water is shown in Figure 5 . In this batch experiment, the pH was slightly increased from 7.6 to 7.9 at the room temperature of 24-25 W C. The lake water originally contained 31 mg/L of SS and 97 μg/L of chlophyll-a, and the light intensity was somewhere between 100 and 300 lux in the daytime and 0 lux at night-time. Phosphorus extraction from alum sludge Table 2 shows the composition of the alum sludge before and after the continuous experiment. As shown in the table, the content of phosphorus and other elements stayed relatively constant during the experiment.
The results of the alkaline extraction are shown in Table 3 .
Sixty-five to sixty-nine percent of phosphorus in the alum sludge was extracted for the first use of NaOH solution, verifying that this extraction method is useful. The phosphorus thus extracted can be easily recovered as calcium phosphate ultimately. The study by Babatunde & Zhao () indicates that aluminium and iron phosphate forms are amenable to the alkaline extraction, while the phosphorus left after the alkaline extraction is in the form of calcium phosphate, magnesium phosphate or inactive phosphorus.
The total amount of T-P removed from the lake water, however, was only 9.0 and 45.7 mg in the continuous experiment for Column 2 and Column 3, respectively, compared to 831 mg P per column in the alum sludge before use. Thus, phosphorus extracted in this way was mostly that originally contained in the alum sludge. It is, therefore, recommended to operate the alum sludge column up to its saturation level.
The extraction efficiency for the second use of NaOH solution was almost the same as that for the first use, as shown in Table 3 . Therefore, repeated use of the NaOH solution could be possible, which is advantageous economically. A possible problem associated with this extraction method is browning of the solution, probably due to the reaction between NaOH and organic matter in the alum sludge, and thus the colour intensity is increased more when the solution is used repeatedly.
CONCLUSIONS
In this study, two filtration processes using alum sludge and/ or wood as the media were applied to the direct treatment of lake water at the filtration velocity of 0.45 and 0.91 m/d. The conclusions reached are as follows:
1. In both processes, SS removal was excellent with a removal efficiency of about 98%.
2. T-N removal efficiency was higher (64-72%) in Process 1 than in Process 2 (18-19%). Biological denitrification proceeds using organic substrates dissolved from wood in Process 1, while particulate nitrogen is mostly captured by filtration in Process 2. 3. In both processes, about 90% of T-P removal was achieved. In addition to trapping particulate phosphorus in the filter, phosphate was removed by the adsorption to alum sludge and biological uptake by denitrifying bacteria and phytoplankton.
4. The dissolution of organics and aluminium, respectively, from the wood and alum sludge, was not significant in the effluent.
5. Sixty-five to sixty-nine percent of phosphorus in the alum sludge can be extracted by applying the alkaline extraction method. Repeated use of the alkaline solution is possible, making this method economically attractive.
Based on these findings, the combination of alum sludge and wood filtration enables the concomitant removal of nitrogen and phosphorus, and thus is very effective for directly purifying eutrophic lake water and reusing the wastes beneficially. In addition, recoverability of phosphorus is another advantage of applying alum sludge.
